We report on the electronic and magnetic characterization of the hybrid interface constituted of C 60 molecules and an epitaxial Fe 3 O 4 (001) surface grown on GaAs(001). Using X-ray absorption spectroscopy (XAS) and X-ray magnetic circular dichroism (XMCD), we demonstrate that a stable C 60 sub-monolayer (ML) can be retained on the 
Introduction
Organic spintronics, [1] [2] [3] [4] a novel research eld aimed at combining the advantageous properties of organic semiconductors with the weak spin relaxation and dephasing mechanisms intrinsic to light-weight carbon-based materials, 5, 6 forms a highly promising platform for the development of nextgeneration electronic technologies. Although an increasing amount of experimental studies showing strong magnetoresistance (MR) effects on hybrid inorganic-organic spin valves have been reported in the literature, 4,6-9 the microscopic mechanisms behind these effects and their relationship to the interfacial spin-dependent properties remain poorly understood. This is largely due to the presence of ill-dened interfaces in the devices, which hampers systematic studies of the effects of interfacial properties on spin dependent transport. The critical role played by hybrid interfaces has started to draw a great deal of attention, as elucidated by several studies. 8, [10] [11] [12] [13] Our recent work 13 on well-dened interfaces between C 60 and bcc-Fe(001) showed that the hybridization between the p-electronic states of C 60 and the 3d band of the Fe(001) surface is quite strong and produces a signicant magnetic polarization of the C 60 -derived electronic states. This is expected to play an important role in spin injection/extraction across this interface. Recently, it has also been proposed that spin-dependent hybridization between metal states and molecular electronic states in nanometer-scale La 0.7 Sr 0.3 MnO 3 /tris(8-hydroxyquinoline)Al/Co (LSMO/Alq 3 /Co) magnetic-tunnel junctions plays a decisive role in the observation of sign reversal of the MR effects. 8 The relevance and inuence of such hybridization phenomena for/on spin transport across organic-inorganic interfaces remain a largely open question. Experimental evaluation of well-dened and wellcharacterized interfaces that allow for systematic analysis with theories is required to advance the knowledge on this issue.
In this work, we present a study of the electronic and magnetic structure of the interface between C 60 molecules and an ultrathin ferrimagnetic transition-metal oxide, Fe 3 O 4 (001), epitaxially grown on GaAs(001). Such interfaces constitute an important and interesting type of model interfaces for organic spintronics because of the following reasons. (1) The less reactive nature of Fe 3 O 4 surfaces is expected to lead to weaker hybridization effects when compared to those occurring at the C 60 /Fe(001) interface.
(2) As we have demonstrated previously, high-quality Fe 3 O 4 lms with well-dened magnetic anisotropy can be prepared in a straightforward manner by post-deposition annealing of an ultrathin epitaxial Fe lm on various technologically relevant semiconductor surfaces in an oxygen-rich environment.
14 (3) Fe 3 O 4 exhibits promising properties for spintronic applications. Fe 3 O 4 is a mixed-valence ferrimagnetic oxide with an exceptionally high Curie temperature of $850 K. More importantly, according to theoretical studies of its spin-polarized band structure, Fe 3 O 4 is a half-metallic material with the majority-spin electrons exhibiting an insulating (or semiconducting) behavior, while the minority-spin electrons feature a metallic behavior. Therefore, only minority-spin electrons are present at the Fermi level, which leads to À100% spin polarization of bulk Fe 3 O 4 .
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The highest achieved surface spin polarization in practice thus far is about À80% for an Fe 3 O 4 (111) surface.
16 (4) Epitaxial Fe 3 O 4 lms, which have a cubic inverse-spinel structure with a distorted fcc oxygen sublattice, offer good prospects for forming wellordered, crystalline C 60 molecular lms.
Experimental
Experiments were carried out on beamline D1011 at MAXLaboratory in Lund, Sweden. Thin lms of C 60 molecules and Fe 3 O 4 (001) were prepared in situ in the measurement chamber for X-ray absorption spectroscopy (XAS) and X-ray magnetic circular dichroism (XMCD), with a base pressure of 10 À10 mbar.
Different stages of the hetero-epitaxy were carefully followed and monitored by low-energy electron diffraction (LEED). The substrates used in this study were As-capped GaAs(001). A $0.5 mm layer of homo-epitaxial GaAs was grown on a commercial wafer to provide the smoothest possible GaAs surface. The As cap was desorbed at about 340 C and the substrate was further annealed to 550 C for 60 min to obtain a clean and ordered surface, 17 on top of which a 3 nm Fe lm was epitaxially grown at room temperature (RT) using a mini e-beam evaporator. The Fe layer was then exposed to molecular oxygen, introduced into the UHV chamber with a precision leak valve, at an O 2 partial pressure of 8 Â 10 À5 mbar for 10 min, while the sample temperature was kept at 230 C.
14 Multilayers of C 60 molecules were deposited onto the ferrite surface by evaporation from a simple custom-built Knudsen-cell. To examine the C 60 /Fe 3 O 4 (001) interface, the samples were annealed to 250 C for 5 min to desorb C 60 overlayers, retaining only the more strongly bound C 60 molecules on the Fe 3 O 4 surface. XAS and XMCD spectra were collected at RT in total-electron-yield (TEY) mode, in which the sample drain current is recorded as a function of the photon energy. The spectra were normalized to the incident photon ux obtained using the TEY from a gold grid. The angle of incidence of the photon beam was set to 45 relative to the sample normal. The sample was magnetically saturated along its in-plane magnetic easy axis using a pulsed magnetic eld of AE600 Oe, and the XMCD was measured at remanence using 75%-circularly polarized X-rays.
Results and discussion
The LEED patterns of a cleaned GaAs(001) substrate, exhibiting a (1 Â 1) surface unit cell, and a 3 nm thick Fe(001) epitaxial lm grown at the top, are displayed in Fig. 1 (a) and (b), respectively. Post-oxidation of the magnetic lm into Fe 3 O 4 (001) is illustrated and veried in Fig. 1(c) . A 45 in-plane rotation of the magnetite lattice with respect to the GaAs(001) unit cell can be observed, as well as the emergence of half-order spots, in agreement with our previous study.
14 Aer annealing-off the multilayer C 60 lm from the ferrite surface, the diffraction pattern transforms into a (1 Â 1) structure, as indicated in Fig. 1(d) . This may be related to strong adsorption of the C 60 sub-ML on the oxide surface, as will be elaborated below. Fig. 2 (a) shows the C K-edge XAS spectra of an (initial) multilayer C 60 lm on Fe 3 O 4 (001) before and aer annealing at 250 C for 5 min. The multilayer C 60 spectrum well resembles the corresponding spectrum of bulk C 60 . 18 The rst peak at 284.5 eV is due to a C 1s / p* transition to the (three-fold degenerate) lowest unoccupied molecular orbital (LUMO). The next three peaks, labeled LUMO+1, LUMO+2, and LUMO+3, respectively, are excitations to other (groups of) p* orbitals.
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Above the ionization threshold of 290 eV, the broader structures are due to s* shape resonances. Aer thermal treatment, a sub-ML of C 60 is retained on the Fe 3 O 4 substrate. Using photoemission spectroscopy, the C 60 coverage was estimated to be $0.5 ML. For C 60 on a variety of metal surfaces, a stable C 60 ML can be obtained by thermal desorption of the weakly bound overlayers (see e.g. ref. 13 ). Strong hybridization effects occur at the C 60 /metal interfaces, as is evidenced by the merging of the LUMO+1 and LUMO+2 resonances into a single peak. 13, 18 The lack of such spectral features, in combination with the low retained coverage ($0.5 ML), indicates a weaker interfacial interaction between C 60 and the Fe 3 O 4 surface. The stability of the $0.5 ML C 60 molecules was further examined by annealing for a longer duration (20 min) at the same temperature, which resulted in an identical XAS spectrum. This reveals that the interaction at the sub-ML C 60 /Fe 3 O 4 interface is not exclusively of the van der Waals-type but a sufficiently strong interaction that keeps both materials together. Compared to the multilayer spectrum, the LUMO+1, +2 energy positions of the sub-ML C Kedge XAS seem to be slightly shied with an additional minor shoulder emerging between 286 and 287 eV, as shown in Fig. 2(b) . These spectral features again indicate a non-negligible electronic interaction at the sub-ML C 60 /Fe 3 O 4 interface. Nonetheless, these signs of an interfacial hybridization in the present case are less signicant than for C 60 /Fe(001).
As has been shown in a number of previous experimental studies, a sizeable interfacial magnetic moment and spin polarization can be induced in the p-conjugated states of several carbon-based systems. This is caused by the hybridization of the p-electronic states with the valence and conduction bands of ferromagnetic metal surfaces. 13, 20 The induced magnetic effects observed in the XMCD experiments, here quantied in the form of C K-edge XMCD intensity with respect to the C 1s / p* peak intensity, are, e.g., 3% for C 60 / Fe(001) 13 and 5% for graphene/Ni(111). 20 For the C 60 sub-ML on Fe 3 O 4 (001) we can also observe a weak dichroic signal of about 1% at the C K-edge under similar experimental conditions, as depicted in Fig. 2(c) . Depending on the photon energy, the interfacial magnetic polarization of the C 60 molecules changes sign, which is similar to the theoretical and experimental results reported by Atodiresei et al. 11 and Tran et al., 13 respectively. It is noteworthy that the electronic interaction (and orbital hybridization) of C 60 with Fe(001) and Fe 3 O 4 (001) could naively be expected to differ considerably from the case of graphene on Ni(111) 20 and at, aromatic molecules on Fe/W(110),
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due to the "soccer-ball" shape of the C 60 molecule. More precisely, C 60 is a truncated icosahedron consisting of 12 pentagons and 20 hexagons. 21 However, as pointed out by Maxwell et al., 18 the hybridization between the molecular orbitals of C 60 and the metal substrate does not merely affect the C atoms that are in direct contact with the surface, due to delocalization of the electrons over the C 60 molecule.
We now address the impact of C 60 adsorption on the electronic and magnetic properties of the Fe 3 O 4 surface. XAS and XMCD are especially suitable for studying the effect of the observed electronic interactions on the surface spin-dependent electronic and magnetic structure of Fe 3 O 4 , since these techniques can provide direct information on the oxidation state and local structure around the different Fe cation sites of magnetite.
14,22 Fig. 3(a) and Fe 3+ ions in the ferrite. 22, 23 A change of this ratio usually refers to non-stoichiometry of the ferrite, which is mostly triggered by: (i) substitution of the Fe sites by other chemical elements 24 or (ii) oxidation/reduction of the Fe cations in the ferrite. 23, 25 Here, possible oxygen vacancies created by partial desorption of oxygen in our magnetite lm due to annealing in UHV appears unlikely, as the temperature being used (250 C) is quite low 23 compared to the magnetite to wüstite (FeO) transition temperature of 410 C in vacuum. 26 This account would appear even more convincing if we compare the O K-edge XAS spectra of our sample, as shown in Fig. 3(c) . Clearly discernible in the spectra are the two regions, where the rst sharp peak is attributed to the O 2p states hybridized with the Fe 3d states, while the second broad region corresponds to the O 2p state hybridized with the Fe 4s and 4p states. 27 Park et al. previously reported the impact of annealing on the stoichiometry and electronic structure of magnetite under an experimental condition similar to ours.
28 Their combined study of O K-edge XAS and Fe L-edge XMCD at various annealing temperatures suggested that even a slightly reduced magnetite lm, i.e., Fe 3 O 4Àd , would exhibit a signicantly reduced intensity and splitting of the rst O K-edge peak (at the lowest excitation energy) compared to that of singlephase Fe 3 O 4 . Given the lack of any of these spectral changes in our O K-edge spectra upon thermal annealing, reduction of the ferrite lm via oxygen loss in our present study can be safely ruled out as a major mechanism for causing the observed changes in dichroism in Fig. 3(a) and (b) . We are, however, unable to entirely eliminate any oxygen vacancies that are below the detection limit of the spectroscopic technique. Nevertheless, our results tentatively point to a correlation between the Fe 3+ /Fe 2+ ratio modication and the above-mentioned hybridization of C 60 molecules with the Fe 3 O 4 (001) surface. To obtain additional information concerning the mechanism involved, XMCD sum rules, 29 which permit quantitative analysis of the spin and orbital magnetic moments, were applied to the integrated Fe L 2,3 -edge XMCD spectra shown in Fig. 4 . The general shape of the XAS spectra is similar to the results in the literature. 23 The non-zero integral of the XMCD signal corresponds to a small orbital contribution to the total magnetic moment of the Fe 3 O 4 layer. A two-step background was subtracted from the XAS spectra, 30 and the number of Fe 3d holes was taken equal to 4.5.
31, 32 We also show in the inset of Fig. 3(a) the XMCD hysteresis of the clean magnetite lm as a function of magnetic eld along the incident X-ray direction (45 off the sample normal) measured at the xed photon energy of the O h Fe 2+ peak. The high degree of squareness of the hysteresis with a coercivity of 300 Oe justies the use of our remanence data to extract the magnetic moments. Table 1 summarizes the results of the sum-rule analysis, which have been corrected for the photon incident angle and degree of circular polarization. The orbital magnetic moment, which is very sensitive to hybridization effects, does not change considerably upon sub-ML C 60 adsorption. The unquenched orbital moments observed here, although remaining substantially smaller than the values presented in ref. 31 , are in contrast to that of a bulk Fe 3 O 4 crystal. 32 This can be generally expected for ultrathin magnetic lms because of decreased crystal transitions, since the half-lled 3d 5 shell exhibits a negligible orbital moment. It is worth noting that the observation of hybridization-induced magnetization of C 60 in this present study can be linked to the electron donation mechanism from C 60 to the Fe atoms of Fe 3 O 4 . Electron transfer from C 60 leaves an uncompensated spin on the molecule, and hence, induces magnetism, while at the same time it affects the spin-and orbital moments at the Fe sites of the magnetite substrate. It should be pointed out that since the bonding between C 60 and Fe 3 O 4 is strictly a surface/interface effect, its quantitative inuence on the magnetic moments of the magnetite lm is not probed exclusively, due to the signicant contribution of the bulk atoms to the XAS signal measured in TEY. Only very recently has it been demonstrated that the ferrimagnetic ordering in 1 nm thick Fe 3 O 4 (111) crystals grown on a Ru(0001) substrate can be preserved at RT, 36 which could, in principle, provide a suitable template for studying the abovementioned effect. Nonetheless, our results well illustrate the non-negligible electronic interactions at the C 60 /Fe 3 O 4 (001) hybrid interface. We suspect that surface defects, such as terrace steps with a high density of broken or dangling bonds, can be one possible origin responsible for the rather strong adsorption strength of C 60 on the ferrite surface. Detailed structural characterization, e.g., by atomic resolution scanning tunneling microscopy, will be a further step forward to the understanding of this new hybrid organic-inorganic system.
Conclusions
The electronic and magnetic interfacial properties of in situ prepared sub-ML C 60 /Fe 3 O 4 (001) on GaAs(001) have been investigated by XAS and XMCD measurements at the Fe L 2,3 -and C K-edges. The C K-edge XAS spectra show evidence of the electronic interaction between C 60 p (p*) and Fe 3 O 4 3d states, leading to a small, but observable induced magnetic moment of C 60 -derived interfacial electronic states. This is weak, however, compared to the case of C 60 /Fe(001). The Fe L-edge XMCD suggests that the sub-ML C 60 is able to reduce the outer Fe atoms of the ferrite to Fe 2+ by electron donation. Our results illustrate the crucial role of the interplay between the characteristics of inorganic surfaces (electronic structure, magnetic moments, and work function) and molecular properties in tuning the electronic and magnetic structure of hybrid organicinorganic interfaces. These effects are expected to have a profound impact on interfacial spin-polarized charge transport in organic and molecular spintronic devices. The spin polarization of injected/extracted charges depends sensitively on the magnetic-and electronic structure of the interfaces, in particular the spin polarization of the hybrid states near the Fermi energy. It has been argued in ref.
8 that the strength of the molecule/substrate interaction may even inverse the sign of the spin polarization of the injected (or extracted) charges. It would be interesting to test such phenomena using devices that comprise a series of well-characterized hybrid interfaces, such as the C 60 /Fe 3 O 4 interface described here, featuring different interaction strength between the molecules and the ferromagnetic contacts.
